Jeoung NH, Harris RA. Pyruvate dehydrogenase kinase-4 deficiency lowers blood glucose and improves glucose tolerance in diet-induced obese mice. Am J Physiol Endocrinol Metab 295: E46 -E54, 2008. First published April 22, 2008 doi:10.1152/ajpendo.00536.2007.-The effect of pyruvate dehydrogenase kinase-4 (PDK4) deficiency on glucose homeostasis was studied in mice fed a high-fat diet. Expression of PDK4 was greatly increased in skeletal muscle and diaphragm but not liver and kidney of wild-type mice fed the high-fat diet. Wild-type and PDK4 Ϫ/Ϫ mice consumed similar amounts of the diet and became equally obese. Insulin resistance developed in both groups. Nevertheless, fasting blood glucose levels were lower, glucose tolerance was slightly improved, and insulin sensitivity was slightly greater in the PDK4 Ϫ/Ϫ mice compared with wild-type mice. When the mice were killed in the fed state, the actual activity of the pyruvate dehydrogenase complex (PDC) was higher in the skeletal muscle and diaphragm but not in the liver and kidney of PDK4 Ϫ/Ϫ mice compared with wild-type mice. When the mice were killed after overnight fasting, the actual PDC activity was higher only in the kidney of PDK4 Ϫ/Ϫ mice compared with wild-type mice. The concentrations of gluconeogenic substrates were lower in the blood of PDK4 Ϫ/Ϫ mice compared with wild-type mice, consistent with reduced formation in peripheral tissues. Diaphragms isolated from PDK4 Ϫ/Ϫ mice oxidized glucose faster and fatty acids slower than diaphragms from wild-type mice. Fatty acid oxidation inhibited glucose oxidation by diaphragms from wild-type but not PDK4 Ϫ/Ϫ mice. NEFA, ketone bodies, and branched-chain amino acids were elevated more in PDK4 Ϫ/Ϫ mice, consistent with slower rates of oxidation. These findings show that PDK4 deficiency lowers blood glucose and slightly improves glucose tolerance and insulin sensitivity in mice with diet-induced obesity.
pyruvate dehydrogenase kinase-4-knockout mice; diet-induced obesity; glucose oxidation; fatty acid oxidation; branched-chain amino acids THE PYRUVATE DEHYDROGENASE COMPLEX (PDC) is required for the oxidative disposal of dietary carbohydrate. Decarboxylation of pyruvate produces acetyl-CoA for oxidation by the citric acid cycle or conversion to fat. Since acetyl-CoA cannot be converted back to glucose, tight control of flux through PDC is required for maintenance of euglycemia during starvation. PDC activity has to be increased after meals but reduced during fasting. PDC activity is regulated by feedback inhibition by its products acetyl-CoA and NADH and by a balance between inactivation by pyruvate dehydrogenase kinases (PDKs) and activation by pyruvate dehydrogenase phosphatases (PDPs). In the well-fed state, PDC is relatively dephosphorylated and active for disposal of excess glucose. In the fasted state, PDC is highly phosphorylated and inactive so that three-carbon compounds can be converted back to glucose (50, 51) . Four PDK isoenzymes (PDK1-4) and two PDP isoenzymes (PDP1 and -2) are expressed in mammalian tissues (9, 20) . PDK4 is markedly induced in most tissues by starvation (23, 51) and high dietary fat (16, 17, 40) , suggesting that PDK4 may be the most important means of regulation of PDC activity during starvation and in diet-induced obesity. Indeed, blood concentrations of glucose, lactate, pyruvate, and alanine are low in PDK4-knockout (PDK4 Ϫ/Ϫ ) mice in the starved state (23) , consistent with an important role for PDK4 in maintaining glucose levels during starvation.
The hypothesis that increased expression of PDK4 contributes to the hyperglycemia in diet-induced obesity was tested in this study with wild-type and PDK4
Ϫ/Ϫ mice fed a high-fat diet. Fasting blood glucose levels were lower, glucose tolerance was slightly improved, and insulin sensitivity was slightly greater in PDK4 Ϫ/Ϫ mice compared with wild-type mice.
MATERIALS AND METHODS
Animals. Experimental protocols were approved by the Institutional Animal Care and Use Committee of Indiana University School of Medicine. The procedure we used to produce the PDK-knockout mice (PDK4 Ϫ/Ϫ ) was described in detail previously (23) . The genetic background was stabilized by backcrossing heterozygous (PDK4 ϩ/Ϫ ) mice with C57BL/6J wild-type mice for eight generations. Groups of 12 wild-type male mice and 12 PDK4 Ϫ/Ϫ male mice were housed with two mice per cage under controlled temperature (23 Ϯ 2°C) and lighting (12:12-h light-dark cycle, 0700 -1900 and 1900 -0700), with free access to water and a high-fat diet (16% protein, 59.5% fat, 24.5% carbohydrate by calories, catalog no. F3282; Bio-Serv, Frenchtown, NJ). According to the supplier, the protein component of this diet is casein, the fat component is lard, which is rich in oleate, palmitate, stearate, and linoleate, and the carbohydrate component is a mixture of sucrose and starch. To establish whether PDK4 expression was induced by the high-fat diet, as expected from previous studies (16, 17, 40) , three additional wild-type male mice were fed a standard rodent chow diet (catalog no. 7071; Harlan) that was high in carbohydrate and low in fat for the duration of the experiment. Mice were weaned and started on the diets at 4 wk of age. Body weights of the mice on the high-fat diet were monitored weekly. Food consumption was monitored during the 8th wk of the feeding period. The experiment was terminated after the mice had been on the diets for 18 wk. One-half of the mice in the two groups fed the high-fat diet were killed in the fed state (between 7:00 and 8:00 AM). The remaining animals of each group were killed after being fasted overnight (from 5:00 PM to 9:00 AM). The single group of three chow-diet fed wild-type mice were killed in the fed state (between 7:00 and 7:30 AM). Prior to their being killed, tail blood was collected from both groups of mice fed the high-fat diet for the measurement of glucose and lactate. The mice were then anesthetized with Nembutal (60 mg/kg body wt administered ip) for drawing blood from the inferior vena cava and harvesting of tissues. Gastrocnemius muscle, kidney, diaphragm, and liver were removed as rapidly as possible in the order given, immediately freeze-clamped with Wollenberger tongs at the temperature of liquid nitrogen, powdered under liquid nitrogen with a mortar and pestle, and stored at Ϫ85°C for analysis.
Glucose tolerance and insulin sensitivity tests. Glucose tolerance tests were conducted after the mice were maintained on the high-fat diet for 16 wk. Mice were fasted overnight (16 h, 5:00 PM to 9:00 AM) before the glucose challenge. Glucose (2 g/kg body wt) was administrated by intraperitoneal injection. Tail blood glucose was monitored at given times with a glucometer (Accu-Chek; Roche, Indianapolis, IN). Blood for insulin measurement was drawn from the tail at 0, 15, and 30 min after glucose challenge. Insulin was measured according to the manufacturer's instructions (Ultrasensitive Mouse Insulin ELISA; Mercodia, Winston-Salem, NC). Insulin tolerance test was conducted after the mice were maintained on the high-fat diet for 17 wk. The mice were deprived of food for 6 h prior to the test (9:00 AM to 3:00 PM). Insulin (2 U insulin/kg body wt, Humulin R; Eli Lilly, Indianapolis, IN) was administrated by intraperitoneal injection.
Measurement of metabolites. Blood metabolites were measured in overnight-fasted mice. Blood lactate was measured with a Lactate Pro test meter (Arkray, Shiga, Japan). Pyruvate (11) , ketone bodies (46), branched-chain amino acids (BCAAs) (27) , branched-chain ␣-keto acids (BCKAs) (27) , glycerol (13) , and alanine (15) were measured in deproteinized serum by enzymatic methods. Serum nonesterified fatty acids (NEFA) and triacylglycerols (TAGs) were determined by colorimetric methods with the Half Micro Assay kit (Roche) and the L-type TG H Assay kit (Wako Chemicals, Richmond, VA), respectively. Tissue TAG extracted with isopropyl alcohol was also assayed with the latter kit. Glycogen was measured by the method of Lo et al. (28) .
Glucose and palmitate oxidation. Rates of these processes were determined with diaphragms obtained from overnight-fasted (16 h) mice by a modification of the procedure described previously (23) . Hemidiaphragms were removed from the preincubation flasks, blotted, and transferred to new flasks containing 1.5 ml of KrebsHenseleit buffer supplemented with 5 mmol/l glucose containing 60 Ci/mmol [U-
14 C]glucose, 1 mU/ml insulin (Humulin R), and 0.8% (wt/vol) BSA with and without 0.6 mmol/l palmitate. Flasks were flushed with 95% O2 plus 5% CO2, sealed with rubber serum caps fitted with hanging center wells, and incubated for 1 h with shaking at 37°C. Reactions were terminated by the injection of acid into the flasks and a solution of phenethylamine into the center wells. Rates of glucose oxidation were calculated as described previously (23) .
To measure fatty acid oxidation, preincubated hemidiaphragms were removed from the flasks, blotted, and transferred to new flasks containing 1.5 ml of Krebs-Henseleit buffer, pH 7.4, 5 mmol/l glucose, 1 mU/ml insulin, 0.6 mmol/l palmitate containing 500 Ci/ mmol [1- 14 C]palmitate, and 0.8% (wt/vol) BSA. 14 CO2 was collected after 1-h incubations as described above. Palmitate oxidation was calculated from the sum of the amounts of radioactive CO2 and acid-soluble products produced during the incubations.
Measurement of PDC activity. Actual PDC activity (activity of the complex as extracted from the tissue with phosphorylation state preserved) and total PDC activity (activity of the complex after dephosphorylation with a phosphatase) were measured as described previously (22) .
Western blot analysis. The levels of PDK2 and PDK4 protein were measured by Western blot analysis, as described previously (23) . PDK1 antibody was purchased from the Stressgen Bioreagents (Ann Arbor, MI). PDK3 antibody was from the Abnova (Taipei, Taiwan). Voltage-dependent anion channel-1␣ protein was measured as a mitochondrial loading control. Protein was determined with a Bio-Rad protein assay kit (Hercules, NH), with BSA as the standard.
Statistical analysis. The statistical significance of differences was determined by Student's t-test when two groups were compared and by the one-way ANOVA test when multiple groups were compared. Values are presented as means Ϯ SE with the indicated number of independent samples.
RESULTS
Long-term feeding of the high-fat diet greatly increased PDK4 protein expression in skeletal muscle and diaphragm but not in liver and kidney of wild-type mice. PDK4 expression is normally low in skeletal muscle of humans (40) and rodents (50) but is increased markedly by short-term feeding of diets high in fat (16, 17, 40) . As expected from the findings of those short-term studies, PDK4 protein was increased markedly in the skeletal muscle and diaphragm (10-and 11-fold, respectively) of wild-type mice fed a high-fat diet for 18 wk compared with age-matched wild-type mice fed a low-fat chow diet (Fig. 1) . In complete contrast to muscle, PDK4 expression was not induced in the liver or the kidney by the high-fat diet (data not shown). PDK2 expression was not affected by the diet in any of the four tissues examined (data not shown). PDK1 protein was modestly increased in the liver (1.2-fold) and skeletal muscle (1.45-fold) but not in the kidney and diaphragm (data not shown). PDK3 protein was not detectable in diaphragm and skeletal muscle and was not altered in amount in liver and kidney by the high-fat diet (data not shown). Therefore, among the four PDKs expressed in tissues, the expression of PDK4 in muscle was most affected by feeding mice the high-fat diet.
PDK4 deficiency had no effect on growth, weight gain, and tissue weights of mice fed a high-fat diet. Body weights of PDK4 Ϫ/Ϫ mice did not differ from that of wild-type mice during the 18-wk feeding period on the high-fat diet (data not shown). Food consumption rates were also not different between PDK4
Ϫ/Ϫ and wild-type mice during the 8th wk on the diet (2.8 Ϯ 0.1 g/day for both groups). Obesity was induced by maintaining the mice on this diet as indicated by their appearance and final body weights (45.3 Ϯ 1.3 vs. 45.7 Ϯ 0.8 g for PDK4 Ϫ/Ϫ and wild-type mice, respectively; n ϭ 10/group). Wild-type mice maintained from weaning on the chow diet weighed only 28.5 Ϯ 1.1 g (n ϭ 3) at the same age. The weights of the liver (2.25 Ϯ 0.22 vs. 2.38 Ϯ 0.22 g), kidney (361 Ϯ 15 vs. 349 Ϯ 15 mg), heart (155 Ϯ 9 vs. 165 Ϯ 7 mg), and epididymal fat pads (2.09 Ϯ 0.22 vs. 1.87 Ϯ 0.06 g) were not significantly different between PDK4
Ϫ/Ϫ and wild-type mice, respectively.
PDK4 deficiency lowered fasting blood glucose levels and improved glucose tolerance and insulin sensitivity. No differences in blood metabolites were found when fed animals were compared (data not shown). Significant differences emerged when blood samples from overnight-fasted mice were analyzed. Throughout the 18-wk feeding period, fasting blood glucose levels were lower in the PDK4 Ϫ/Ϫ mice compared with wild-type mice. For example, in mice maintained on the high-fat diet for 6 wk, blood glucose levels after overnight fasting were 3.8 Ϯ 0.2 and 3.2 Ϯ 0.1 mmol/l in wild-type and PDK4 Ϫ/Ϫ mice (n ϭ 12/group, P Ͻ 0.005), respectively. Serum insulin levels, however, were comparable (0.42 Ϯ 0.09 vs. 0.72 Ϯ 0.21 ng/ml; n ϭ 6/group) in the two groups of mice. In mice fed the high-fat diet for 16 wk, blood glucose levels after overnight fasting were 8.2 Ϯ 0.8 and 5.9 Ϯ 0.3 mmol/l in wild-type and PDK4
Ϫ/Ϫ mice (n ϭ 8/group, P Ͻ 0.05), respectively. Serum insulin levels were markedly higher than after 6 wk on the diet but again comparable in the two groups of mice (2.8 Ϯ 0.9 vs. 2.3 Ϯ 0.5 ng/ml; n ϭ 5/group), consistent with the development of insulin resistance in both groups of mice. PDK4
Ϫ/Ϫ mice were also slightly but significantly more glucose tolerant than wild-type mice after 16 wk on the diet (area under the curves: 40,170 Ϯ 1,010 vs. 36,410 Ϯ 620 min⅐mg⅐dl
Ϫ1
; n ϭ 5/group, P Ͻ 0.02; Fig. 2A ). Insulin levels increased slightly during the test but were not significantly different between the two groups ( Fig.  2A) . PDK4 Ϫ/Ϫ mice were slightly but significantly more insulin sensitive after 17 wk on the diet (n ϭ 6/group, P Ͻ 0.05; Fig. 2B ).
PDK4 deficiency lowered blood levels of gluconeogenic precursors. After 18 wk on the high-fat diet, blood glucose levels were 21% lower in the PDK4 Ϫ/Ϫ mice compared with wild-type mice ( Table 1 ). The sum of the concentrations of the gluconeogenic precursors lactate, pyruvate, and alanine was 26% lower in the blood of PDK4 Ϫ/Ϫ mice. Blood levels of BCKAs were also lower in PDK4 Ϫ/Ϫ mice, but BCAAs, NEFA, TAG, 3-hydroxybutyrate, and acetoacetate were higher. The ratio of [BCAA]/[BCKA] was significantly greater in the blood of PDK4 Ϫ/Ϫ mice (5.7 Ϯ 0.3 vs. 2.7 Ϯ 0.3; n ϭ 5/group, P Ͻ 0.005). PDK4 deficiency lowered liver glycogen level in the fasted state. Since glycogen synthesis is important for blood glucose disposal in the fed state (47, 48) and its degradation contributes to maintenance of blood glucose levels during fasting (33), muscle and liver glycogen levels were measured in fed and fasted mice (Table 2) . Skeletal muscle glycogen levels were the same regardless of whether the two groups of mice were fed or fasted (Table 2) . Liver glycogen levels were likewise the same in the fed state in the two groups of mice (Table 2) . After overnight fasting, however, liver glycogen levels were significantly lower (48%) in the PDK4 Ϫ/Ϫ mice ( Table 2 ), indicating that glycogen stores were utilized more rapidly during fasting in these mice. PDK4 deficiency increased TAG concentration in liver but not in heart and muscle in the fasted state. Since serum TAG levels were greater in PDK4 Ϫ/Ϫ mice than in wild-type mice (Table 1) , the TAG contents of heart, skeletal muscle, and liver were measured. TAG content of the heart and skeletal muscle of the two groups of mice did not differ significantly (Table 2) . Liver TAG content was 39% greater in the liver of PDK4 Ϫ/Ϫ mice compared with that of wild-type mice (Table 2) .
In fed mice, PDK4 deficiency increased PDC activity in the skeletal muscle and diaphragm but not in the liver and kidney. PDC activities were measured in four tissues harvested from PDK4 Ϫ/Ϫ and wild-type mice when the mice were in the fed state after 18 wk on the high-fat diet (Table 3) . Total PDC activities (activity of the complex after dephosphorylation by phosphatase treatment) for any given tissue did not differ between the two groups of mice (Table 3) . Likewise, no differences were found in actual PDC activities (activity of the complex as extracted from the tissue) for the liver and kidney between wild-type and PDK4 Ϫ/Ϫ mice (Table 3) . On the other hand, PDK4 deficiency caused much higher actual PDC activities in skeletal muscle and diaphragm (Table 3) . These tissuespecific findings are consistent with the observed induction of PDK4 protein by the high-fat diet in skeletal muscle and diaphragm but not in the liver and kidney (Fig. 1) . Compared with actual PDC activities reported previously with wild-type mice fed chow diet (Table 5 in Ref. 23 ), actual PDC activities were lower in skeletal muscle (0.53 Ϯ 0.04 vs. 0.25 Ϯ 0.04 U/g wet wt) and diaphragm (2.46 Ϯ 0.16 vs. 1.00 Ϯ 0.07 U/g wet wt) of wild-type mice fed the high-fat diet (Table 3) , again consistent with the observed induction of PDK4 protein in these tissues by the high-fat diet.
In fasted mice, PDK4 deficiency increased PDC activity in kidney but not skeletal muscle, liver, and diaphragm. As we expected, overnight fasting induced no difference in total PDC Fig. 1 . Western blot analysis of the amounts of pyruvate dehydrogenase kinase-4 (PDK4) protein present in skeletal muscle (A) and diaphragm (B) mice fed the chow diet (Chow) and the high-fat (HF) diet for 18 wk. Mice were killed at 7:00 AM. Protein samples (50 g) obtained from fed mice were separated on a 15% SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride membrane. Western blotting was carried out by a standard method. Data were obtained with 4 wild-type mice in each group. *P Ͻ 0.0001 relative to mice fed Chow. VDAC1␣, voltage-dependent anion channel-1␣. activity of any of the four tissues examined from wild-type and PDK4 Ϫ/Ϫ mice (Table 3) . On the basis of previous studies, we had expected that overnight fasting would further reduce actual PDC activities below that caused by the feeding of the high-fat diet. Indeed, a trend in this direction was observed in all tissues of the wild-type mice, although the magnitude of the decrease was only large enough to be statistically significant for the skeletal muscle and kidney. In PDK4 Ϫ/Ϫ mice, fasting induced large decreases in actual PDC activities in the skeletal muscle and diaphragm but had no effect in the kidney and only a trend for a lower value in the liver (Table 3) . Among the four tissues examined, PDK4 deficiency resulted in a higher actual PDC activity only in the kidney. A trend for higher actual PDC activities was apparent for diaphragm and skeletal muscle but not the liver of PDK4 Ϫ/Ϫ mice compared with the wild-type mice.
Effect of fasting on expression of the PDKs in tissues of wild-type and PDK4
Ϫ/Ϫ mice. Although PDK4 was already markedly induced in the skeletal muscle of wild-type mice fed the high-fat diet (Fig. 1) , PDK4 protein was increased further (5.5-fold) by fasting the animals overnight (Fig. 3A) . Although consistent with the lower muscle PDC activity induced by fasting (Table 3) , nearly the same decrease in muscle PDC activity was induced by fasting in PDK4 Ϫ/Ϫ mice (Table 3 ) despite the complete absence of PDK4 (Fig. 3A) . PDK2, on the other hand, was not induced in skeletal muscle in response to fasting in either wild-type or PDK4
Ϫ/Ϫ mice (data not shown), ruling out a compensatory response by this isozyme. The amount of PDK1 protein was increased significantly in response to fasting in wild-type mice (1.5-fold, P Ͻ 0.01) but not significantly in PDK4
Ϫ/Ϫ mice (1.2-fold, P ϭ 0.08). In the kidney, PDK2 protein was increased twofold by fasting in both wild-type and PDK4 Ϫ/Ϫ mice (Fig. 3B ). PDK4 protein in- Fig. 2 . Glucose tolerance test (GTT) and insulin tolerance test (ITT) in PDK4 Ϫ/Ϫ (■) and wild-type (ᮀ) mice fed the HF diet. A: GTT. Glucose (2 g/kg body wt) was injected intraperitoneally (ip) into overnight-fasted mice after 16 wk on the HF diet. Blood glucose was measured in tail blood obtained at indicated times after glucose administration. Insulin was measured in serum prepared from tail blood at the indicated times after glucose administration. Data are means Ϯ SE obtained with 8 mice in each group. *P Ͻ 0.05 relative to wild-type mice. B: ITT. Insulin (2 U/kg body wt) was injected ip into 6-h-fasted mice that had been fed the HF diet for 17 wk. Data are means Ϯ SE obtained from 6 -12 mice/group. *P Ͻ 0.05 relative to wild-type mice. a Glucose and lactate were measured in whole blood collected from the tail of overnight-fasted mice that were not anesthetized. Other analytes were measured in serum prepared from blood collected from the vena cava of overnight-fasted mice that were anesthetized with Nembutal. Since commercial preparations of Nembutal contain ethanol and the metabolism of ethanol by the liver generates NADH that reduces pyruvate to lactate, the values given for serum pyruvate are low. Since pyruvate and alanine should also be in thermodynamic equilibrium, the values given for serum alanine are likewise low.
b This value corresponds to the sum of leucine, isoleucine, and valine.
c This value corresponds to the sum of ␣-ketoisocaproate, ␣-keto-␤-methylvalerate, and ␣-ketoisovalerate. *P Ͻ 0.05 and **P Ͻ 0.01 relative to wild-type mice by Student's t-test. b Mice that had been fasted overnight were killed at 9 AM for this measurement. *P Ͻ 0.02 and **P Ͻ 0.01 relative to wild-type mice by Student's t-test.
creased eightfold in the kidney of wild-type mice (data not shown), consistent with the greater decrease in actual PDC activity in these mice compared with that of the PDK4 Ϫ/Ϫ mice. In the liver, PDK2 protein increased approximately twofold in response to fasting in both wild-type and PDK4 Ϫ/Ϫ mice, whereas PDK4 protein was induced approximately threefold in the wild-type mice (data not shown). PDK1 and PDK3 did not differ significantly in the liver and the kidney in wild-type and PDK4
Ϫ/Ϫ mice in the fed or fasted states. These findings indicate altered expression of PDK1, -2, and -3 do not compensate for the lack of PDK4 in any of the tissues of PDK4 Ϫ/Ϫ mice examined.
PDK4 deficiency increased glucose oxidation and decreased palmitate oxidation by isolated diaphragms. Diaphragms from PDK4
Ϫ/Ϫ mice oxidized glucose at a rate 50% greater than diaphragms from wild-type mice (Table 4) . Less pyruvate accumulated in the incubation medium with diaphragms from PDK4 Ϫ/Ϫ mice (0.57 Ϯ 0.05 vs. 1.48 Ϯ 0.05 mol⅐h Ϫ1 ⅐g Ϫ1 ; n ϭ 3/group, P Ͻ 0.005). Palmitate inhibited glucose oxidation by 14% in diaphragms from wild-type mice but exerted no inhibition with diaphragms from PDK4 Ϫ/Ϫ mice ( Table 4 ), indicating that inhibition of glucose oxidation by palmitate requires induction of PDK4. The rate of palmitate oxidation was 25% lower in diaphragm isolated from PDK4 Ϫ/Ϫ mice relative to wild-type mice (Table 4) .
DISCUSSION
PDC is inhibited during starvation and in diabetes by phosphorylation of the ␣-subunits of its E1 component (4) mediated by greater PDK activity, as observed in both animal models (3, 18, 51) and humans (10, 28, 40) , and reduced PDP activity (21) . Upregulation of PDK4 contributes to the increase in PDK activity (49 -51) , but its importance is uncertain relative to stimulation of PDK activity by acetyl-CoA and NADH (38) produced by the increase in fatty acid oxidation in starvation and diabetes. PDK4 Ϫ/Ϫ mice have lower than normal blood glucose levels during starvation because higher PDC activity results in limitation of substrates for gluconeogenesis (23) .
These findings led us to examine the effects of PDK4 deficiency on glucose homeostasis in mice rendered obese and insulin resistant with a high-fat diet. As expected (19, 32) , feeding wild-type mice such a diet caused obesity, fasting hyperglycemia, elevated fasting serum insulin levels, fasting glucose intolerance, and insulin resistance. PDK4 expression was increased in the skeletal muscle of these mice, in agreement with short-term effects of high-fat diets in rodents (16, 17) and humans (40) . Like wild-type mice, PDK4
Ϫ/Ϫ mice maintained on the high-fat diet became obese with elevated insulin levels. However, fasting blood glucose levels were Fig. 3 . Western blot analysis of the amounts of PDK4 protein present in the skeletal muscle (A) and the amount of PDK2 protein present in kidney (B) of wild-type mice and PDK4 Ϫ/Ϫ mice fed the HF diet. Fed mice were killed at 7:00 AM. Fasted mice were killed at 9:00 AM after being fasted overnight (food removed at 5 PM). Western blot analysis was carried out as described in the legend to Fig. 1 . Data were obtained with 3 mice in each group. **P Ͻ 0.001 relative to fed state of wild-type mice; *P Ͻ 0.01 relative to fed state of wild-type mice; #P Ͻ 0.01 relative to fed state of PDK4 Ϫ/Ϫ mice. significantly lower, glucose tolerance was a little better, and insulin sensitivity was slightly greater compared with wildtype mice.
PDK4 deficiency had no effect on postprandial blood glucose concentrations in mice on the high-fat diet. We expected this, since PDK4 deficiency affects the supply of substrates for hepatic gluconeogenesis, and the contribution that gluconeogenesis makes to maintenance of blood glucose is minimized when mice are in the absorptive state. On the other hand, we did not expect that the largest differences in PDC activities would occur in the skeletal muscle and diaphragm of well-fed mice. Presumably because expression of PDK4 was greatly promoted by the high-fat diet in these tissues of the wild-type mice, actual PDC activity was five times greater in the skeletal muscle and twice greater in the diaphragm of PDK4 Ϫ/Ϫ mice compared with wild-type mice. Although it seems that such a large difference in PDC activity should have been reflected in a difference in blood glucose levels, differences in the eating patterns of the mice within the groups may have precluded the finding of such a difference because of marked variation in the blood glucose levels. In contrast, with mice in the postabsorptive state, we always found that blood glucose levels were significantly lower (15-25%) in the PDK4 Ϫ/Ϫ mice. Lactate, pyruvate, and alanine levels were also lower, consistent with substrate limitation for gluconeogenesis being responsible for the lower blood glucose levels. These findings are similar to our previous findings with PDK4 Ϫ/Ϫ mice fed chow diet (23) and to the findings with the PDK inhibitor dichloroacetate, which also reduces gluconeogenic substrates (7) and glucose in starved (7, 37) and diabetic rats (2, 24, 35) . It should be noted, however, that the effects of PDK4 deficiency on PDC activity were surprisingly subtle. Of the four tissues examined, only the kidney demonstrated a significantly higher PDC activity in PDK4-deficient mice compared with wild-type mice. Trends for higher PDC activities were noted in skeletal muscle and diaphragm, but the values were not statistically significant. Despite this, isolated diaphragms from PDK4 Ϫ/Ϫ mice oxidized [U- 14 C]glucose to 14 CO 2 at a faster rate and accumulated less pyruvate than diaphragms from wild-type mice, suggesting greater PDC activity in diaphragms from PDK Ϫ/Ϫ mice. These findings suggest that surprisingly small changes in PDC activity may induce significant effects upon the levels of gluconeogenic precursors and therefore the level of blood glucose. Alternatively, larger increases in actual PDC activity may occur in response to PDK4 deficiency in tissues not examined in this study, e.g., heart, adipose tissue, and brain.
Liver glycogen levels were comparable in fed PDK4 Ϫ/Ϫ and wild-type mice but significantly lower in PDK4 Ϫ/Ϫ mice compared with the wild-type mice after overnight fasting. This can be explained by greater reliance on glycogenolysis for blood glucose maintenance in PDK4 Ϫ/Ϫ mice because hepatic gluconeogenesis is reduced for want of three-carbon substrates.
This study suggests that PDK4 contributes to setting the activity states of PDC in some but not all tissues of fasted insulin-resistant mice. PDK4 is more important in muscle and kidney than in liver, in agreement with the levels of PDK4 expression in these tissues. On the other hand, the finding that PDC remains largely inactive and therefore heavily phosphorylated in all tissues of fasted PDK4 Ϫ/Ϫ mice indicates that the other PDKs play major roles in setting the phosphorylation state of PDC under these conditions. Three additional PDKs are expressed in tissues (9), and activities of the PDKs are collectively regulated by the concentrations of pyruvate, acetyl-CoA, and NADH (24, 38) . Dephosphorylation of PDC also depends upon the activity of two PDPs, which are also subject to regulation at the level of expression and by small molecule effectors (21) . PDK4 Ϫ/Ϫ mice fed the high-fat diet were modestly more glucose tolerant than wild-type mice fed the same diet. Both were insulin resistant, as evidenced by high fasting levels of insulin and the amounts of insulin that had to be injected to lower blood glucose levels. However, PDK4
Ϫ/Ϫ mice were slightly more insulin sensitive, which may contribute to their better glucose tolerance. Other contributing factors include greater rates of glucose and pyruvate oxidation because of higher PDC activity and lower rates of gluconeogenesis because of reduced cycling of three carbon gluconeogenic compounds back to the liver.
The finding that PDK4 deficiency slightly increased insulin sensitivity was surprising. We had anticipated finding greater insulin resistance in PDK4 Ϫ/Ϫ mice. Stimulation of glucose oxidation by greater PDC activity suppresses fatty acid oxidation (Table 4 and Ref. 23) . Reduced fatty acid oxidation would be expected to result in greater tissue accumulation of TAG and proinflammatory lipids that activate the serine/threonine stress kinases that are responsible for inactivation of components of the insulin-signaling cascade (45) and hence, insulin resistance. Although the mechanism responsible for inhibition of fatty acid oxidation in PDK4 deficiency remains to be established, greater PDC activity would be expected to lead to an increase in malonyl-CoA, inhibitor of carnitine palmitoyltransferase I (CPT I), the rate-limiting enzyme in fatty acid oxidation. Since long-chain acyl-CoA esters are converted to long-chain acyl carnitine esters by CPT I, inhibition of CPT I by malonyl-CoA increases long-chain acyl-CoA esters, which in turn increase diacylglycerol and ceramide, activators of the stress kinases that induce insulin resistance. Indeed, inhibition of acetyl-CoA carboxyalase and activation of CPT I protects mice against diet-induced insulin resistance (26) . Despite what seems should happen, our studies with PDK4 Ϫ/Ϫ mice indicate that PDK4 deficiency also affords some protection against diet-induced insulin resistance. Although this dilemma is difficult to explain, findings published recently with malonyl-CoA decarboxylase-knockout mice (26) challenge the current view on the mechanism by which fatty acids induce inflammation and insulin resistance. Theoretically, elevated levels of malonylCoA caused by a deficiency of malonyl-CoA decarboxylase should inhibit CPT I, resulting in elevated concentrations of long-chain acyl-CoA esters, diacylglycerol, and ceramide that should induce insulin resistance by activation of the stress kinases. Instead, malonyl-CoA decarboxylase-knockout mice were found protected against the development of insulin resistance. On the basis of these findings, Koves et al. (26) proposed that high levels of fatty acids may induce a mitochondrial overload or stress by exceeding the capacity of the mitochondria for fatty acid oxidation. Mitochondrial overload may induce the accumulation of "incomplete products of fatty acid oxidation" that function as proinflammatory compounds responsible for activation of the stress kinases. Although no attempt was made to measure inflammatory lipids in this study, TAG levels were not significantly more elevated in the skeletal muscle and hearts of PDK4 Ϫ/Ϫ mice compared with wild-type mice. Interestingly, TAG levels were elevated in the liver of PDK4 Ϫ/Ϫ mice, but the liver may be less important in clearing glucose in response to insulin than muscle under the conditions of these experiments.
The mechanism responsible for the increase in insulin sensitivity in PDK4
Ϫ/Ϫ mice is beyond the scope of this study. However, it should be pointed out that insulin works by driving cells of the body to use glucose rather than fat to meet their need for energy. Despite the bad press that fat receives, insulin is a "fat-sparing" "at the expense of glucose" hormone. Likewise, insulin clearly spares BCAAs for protein synthesis at the expense of glucose. This is relevant to the present studies because activation of PDC by knocking out PDK4 also drives cells of the body to use glucose rather than fat and BCAAs. Although insulin promotes glucose utilization by affecting the activities of many metabolic enzymes, activation of PDC, in part by downregulation of PDK4 expression, is clearly among the most important of the actions of insulin. This action of insulin on PDC, like PDK4 deficiency, has significant ramifications on both glucose and fat metabolism. Perhaps, therefore, the insulin-like effect of PDK4 deficiency is a contributing factor to the slight increase in the effectiveness of insulin in PDK4 Ϫ/Ϫ mice. Feeding mice a high-fat diet caused a marked increase in PDK4 expression in skeletal muscle and diaphragm compared with chow-fed mice. This is presumably due to insulin resistance induced by the accumulation of body fat. The activity state of PDC was markedly reduced in skeletal muscle in the fed state as a consequence of greater PDK4 expression, and the activity state of PDC in skeletal muscle and the diaphragm was much higher in the fed state of PDK4 Ϫ/Ϫ mice because PDK4 could not be induced.
Serum NEFA, TAG, and ketone bodies were elevated in fasted PDK4
Ϫ/Ϫ mice. Glycerol levels were not increased, suggesting that adipose tissue lipolysis may not be increased. The rate of fatty acid oxidation was reduced in diaphragms from PDK4 Ϫ/Ϫ mice, presumably because the capacity for glucose and pyruvate oxidation was increased. NEFA may have been increased in the serum because fatty acid oxidation was inhibited by greater glucose and pyruvate oxidation in peripheral tissues. Greater delivery of NEFA to the liver may account for the higher hepatic TAG content and increased serum TAG. The increase in serum ketone bodies likely reflects greater synthesis in the liver plus inhibition of their oxidation by glucose and pyruvate oxidation in peripheral tissues. The latter is suggested by our finding that the rate of ketone body oxidation is significantly reduced in diaphragms isolated from PDK4 Ϫ/Ϫ mice compared with diaphragms isolated from wild-type mice (Jeoung NH and Harris RA, unpublished studies).
Inhibition of glucose oxidation by fatty acids is an important feature of the glucose-fatty acid cycle (36) . The increase in serum levels of NEFA during starvation and in diabetes results in an increase in fatty acid oxidation that inhibits glucose oxidation in peripheral tissues. Inhibition of PDC activity by phosphorylation surely contributes to the mechanism by which fatty acids inhibit glucose oxidation (24) . The present study shows that upregulation of PDK4 is important for this effect. Palmitate inhibited glucose oxidation by diaphragms from wild-type but not by diaphragms from PDK4 Ϫ/Ϫ mice. Indeed, glucose oxidation inhibited fatty acid oxidation in diaphragms from PDK4
Ϫ/Ϫ mice. Although the mechanism responsible for this effect was not determined, inhibition of CPT I by malonylCoA (39, 43) is an attractive possibility. However, thiolase I can be a limiting step for ␤-oxidation (14) , and the activities of PDC and thiolase I are controlled by both CoA and acetyl-CoA (5, 34). They have similar K m for CoA (5-10 M) (25, 39) , but PDC is less sensitive to inhibition by acetyl-CoA (K i of 3.9 M vs. 40 M, respectively) (25, 34) . A greater pyruvate oxidation rate because of greater PDC activity in PDK4 Ϫ/Ϫ mice may decrease CoA and increase acetyl-CoA, resulting in inhibition of ␤-oxidation. Regardless of the mechanism, elevated serum NEFA levels and inhibition of fatty acid oxidation in muscle did not translate into elevated TAG levels in skeletal muscle and heart of PDK4 Ϫ/Ϫ mice. TAG accumulation is considered a harbinger for the development of insulin resistance in these tissues (8, 12, 44) . Indeed, insulin sensitivity was slightly but significantly greater in PDK4 Ϫ/Ϫ mice relative to wild-type mice fed a high-fat diet.
BCAAs were elevated in the blood of fasted PDK4 Ϫ/Ϫ mice. This likely reflects less synthesis of alanine in peripheral tissues as a consequence of reduced availability of pyruvate due to a greater rate of pyruvate oxidation by PDC. Less transamination of pyruvate with glutamate to produce alanine results in less availability of ␣-ketoglutarate for transamination of BCAAs. The mechanism is corroborated by the observed decrease in BCKAs in PDK4 Ϫ/Ϫ mice. Upregulation of PDK4 conserves substrates for gluconeogenesis, begging the question of whether PDK4 and the other PDKs are possible targets for therapeutic intervention in diabetes. This study showed that in mice lacking PDK4, insulin sensitivity was increased and overnight fasting glucose levels were lower in a diet-induced obese mouse model of insulin resistance. The relatively modest effects that lack of PDK4 has on blood glucose levels during fasting and starvation suggest that hypoglycemia will not be a problem with a compound that specifically inhibits PDK4. Dichloroacetate has not proven useful for the treatment of hyperglycemia due to its relatively low potency, specificity, and the neuropathy resulting from long-term treatment (41, 52) . More potent PDK inhibitors have been developed recently. SDZ048-619 increases PDC activity in tissues of the hyperglycemic Zucker diabetic fatty rat and reduces blood lactate but, surprisingly, not blood glucose (1, 6) . However, AZD7545, a specific PDK2 inhibitor, markedly lowers blood glucose in hyperglycemic Zucker diabetic fatty rats (30, 31) . Studies analogous to those reported here are currently being conducted with PDK2 Ϫ/Ϫ and PDK2/PDK4 double-knockout mice.
